A microfluidic biosensor is proposed using a microwave substrate-integrated waveguide (SIW) cavity resonator. The main objectives of this noninvasive biosensor are to detect and analyze biomaterial using tiny liquid volumes (3 μL). The sensing mechanism of our proposed biosensor relies on the dielectric perturbation phenomenon of biomaterial under test, which causes a change in resonance frequency and return loss (amplitude). First, an SIW cavity is realized on a Rogers RT/Duroid 5870 substrate. Then, a microwell made from polydimethylsiloxane (PDMS) material is loaded on the SIW cavity to observe the perturbation phenomenon. The microwell is filled with phosphate-buffered saline (PBS) solution (reference biological medium). To demonstrate the sensing behavior, the fibroblast (FB) cells from the lungs of a human male subject are analyzed and oneport S-parameters are measured. The resonance frequency of the structure with FB cells is observed to be 13.48 GHz. The reproducibility and repeatability of our proposed biosensor are successfully demonstrated through full-wave simulations and measurements. The resonance frequency of the FB-loaded microwell showed a shift of 170 MHz and 20 MHz, when compared to those of empty and PBS-loaded microwells. Its analytical limit of detection is 213 cells/μL. Our proposed biosensor is noncontact and reliable. Furthermore, it is miniaturized, inexpensive, and fabricated using simple-and easy-design processes.
Introduction
Miniaturized sensors can be integrated with other components/system and can be cost effective, and mass production is an essential step to realize point-of-care testing [1] . They not only reduce cost by avoiding expensive equipment but also demand less maintenance that is required in the case of conventional testing laboratories equipped with bulky machinery. Miniaturization is also important to reduce the volume of samples required for testing. A biosensor should provide small-form factor, portability, and real-time and accurate analyses of human cells [2] . Thus, the use of lowcost miniaturized biosensors proliferates from expert users to patients themselves [3] .
State-of-the-art biosensing devices have been realized using three key detection modalities-electrical, optical, and mechanical [3] . Electrochemical biosensors predominantly use enzymes, and they can be classified into amperometric, potentiometric, or conductometric sensors. As the names imply, the responses of these sensors appear as changes in the associated electrolytic current, voltage, or resistance [4] . Integrated optical waveguide technologies have been used to realize biosensors, for instance, the evanescent wave propagation mechanism, which measures a change in the refractive index or guided wavelength. The evanescent field detection enables highly sensitive, label-free, selective detection if proper bioreceptors and immobilization protocols are employed [5] . However, higher cost and complicated fabrication processes limit the scope of these biosensors [6] .
Integration of microfluidics and microelectronics has led to an innovative and pragmatic approach-microwave-based biosensing at the cellular level [7] . The reduction in some fluid samples required for testing and biochemical analysis at microwave frequencies provides some inherent advantages such as reduction in measurement time and reusability [8] . Passive RF biosensors utilize either metamaterial elements such as ring resonators or rectangular/cylindrical cavity resonators [9, 10] . A microfluidic sensor based on a coplanar waveguide transmission line, to characterize the broadband complex permittivity, cell sorting, and quantification of biological media is proposed in [11] . The emergence of dielectric spectroscopy [12] and living cell suspension analysis using microwave biosensing was a further development [7] . Recently, noninvasive detection of even a single biological cell, using RF biosensors, has emerged as an inexpensive, miniaturized, biocompatible, and label-free (contrary to cytometry) technique [13] . In general, label-free detection, compact size, and low cost are the attractive features provided by RF biosensors. Microelectromechanical system (MEMS) fabrication processes have been realized for enhanced sensitivity and further miniaturization in RF biosensors. For instance, in [14] , even 50 cells of HepaG2 (a human cancer cell) could be detected with an RF biosensor (size 2.4 mm × 2.4 mm) using a planar LC resonant circuit. In [15] , an MEMS-based glucose biosensor using a rectangular meandered-line resonator was proposed, with a size of only 2 mm × 1.8 mm. Nevertheless, micro-nano-sized RF biosensors require a more complex and detailed measurement system, for instance, RF probe station [9] . Furthermore, unwieldy and expensive measurement equipment makes them highly unattractive.
Since the discovery of influenza A virus infection (1933), influenza B virus isolation (1936) , and influenza C virus isolation (1950), the detection and bioanalysis of fibroblast cells have become vibrant [16] . The MRC-5 cell line provides the advantage of being able to detect influenza virus during the early stages of possible epidemic spread [16] . The study of properties of the virus characteristics ultimately led to the development of vaccination [16] . As another example, the cell size, cell cycle, shape, and other observable characteristics of human lung fibroblasts have been explored in 1998 [17] . According to the 2017 fact sheet of World Health Organization (WHO), hepatitis B caused 887,000 deaths in 2015 and 257 million people have been infected by life-threatening hepatitis B virus (activated state) that is an alarming situation. Aside from its beneficial detection, the MRC-5 cell line has been widely available/accessible in clinics and research laboratories [16] .
Substrate-integrated waveguide (SIW) is a promising technology to realize sensing applications because of its planar nature and ability to render the advantages of conventional rectangular waveguides, such as low-loss (radiation and leakage), high-Q-factor, and higher power handling capability [18] . Its planar structure allows straightforward integration of active circuits and passive components. It offers a low-cost, compact design with an easy fabrication process. The abundance of high electric field energy concentrated in the center of the SIW cavity has been exploited in a variety of applications such as chemical sensing [19] , crack detection [20] , and tuning purposes [21] . In [22, 23] , SIW cavity is proposed to sense liquid methanol (at 60 GHz) and liquid isopropanol (at 90 GHz), respectively. The LTCC technology was employed to fabricate stacked structures, and the size of the device was in a few millimeters' dimension. SIWs were also utilized to sense various chemicals and extract dielectric constants [24, 25] . A few SIW cavity resonators have been proposed as chemical sensors, but only one of them has been experimentally demonstrated as a biosensing device [26] . They discriminated the alive and dead cells of Chinese hamster ovarian cells using an SIW structure. The measurement curves of resonance frequency and quality factor for both cases (alive cells and dead cells) were compared to draw the conclusions [26] . The novelty of our proposed research is that this is the first time that the detection of fibroblast cells is demonstrated using the SIW cavity-based RF biosensor. Secondly, excellent performance and other advantages (e.g., compact design, low cost, and rapid detection) of microwave-assisted microfluidic biosensor, as discussed in the previous paragraphs, make it an attractive choice to detect and analyze the fibroblast cells.
The choice of high frequency brings forth an enhanced interaction of electromagnetic waves because biocell dimension becomes comparable with this wavelength [13] . Highfrequency structures are obviously smaller; in addition, microwaves are nonionizing as compared to X-rays [1] . Optical and microwave frequencies penetrate in the cell membrane and possibly in the cytoplasm [13] , and it is possible to peep into an individual cell [7] . Keeping in view these perspectives, we deemed gigahertz frequency (13) (14) to analyze target biomaterial.
In this paper, a microfluidic biosensor is realized using an SIW cavity resonator. The proposed sensor can detect fibroblast (FB) cells using the frequency shift in the microfluidically loaded SIW cavity. Our proposed sensor is noninvasive and provides additional benefits such as miniaturization, low cost, and easy fabrication process. Tiny volumes of biomaterials are required to test and analyze the proposed sensor. It avoids any reagent, lubricator, label, or immobilization protocol. Lightweight, rapid detection, and fast recovery time are its further advantages. The first part of the sensor design consists of the fabrication of a rectangular SIW cavity resonator. In the second part, a cup-shaped microfluidic container (microwell) is conceived and fabricated using polydimethylsiloxane (PDMS). The microwell is designed to keep the biomaterial intact while maintaining its noncontact, reusable, and reliable properties. Besides, it has a simple design that is replaceable and offers meager cost. The overall structure size and the cost are reduced.
The design guidelines for the SIW cavity resonator, microwell, cell preparation, and spheroid culture are explained. The performance of the proposed sensor is demonstrated through full-wave simulations and S-parameter measurements.
Sensor Design
2.1. SIW Cavity Design. The layout of an SIW cavity resonator fed by a combination of a microstrip line, a quarterwave stub, and an inset feed is shown in Figure 1 . A 
where ε, μ, W eff , and L eff are the permittivity, permeability of the dielectric material, effective width, and effective length of the SIW structure, respectively [19] . The indices m and n are integers, used to characterize the mode of the SIW structure. First, a rectangular patch is designed, and then, arrays of metallic vias are realized near the boundaries of the patch. They connect the top (metallic pattern) and bottom (ground plane) surfaces. The magnetic sidewalls confine the electric field inside the rectangular patch, and that electric field can be utilized for dielectric perturbation. A good dielectric material is necessary to minimize the dielectric loss. The diameter of each via (D) and the center-to-center spacing between any two consecutive vias (pitch (P)) are the design parameters that determine the SIW performance and are given below:
where λ g represents the guided wavelength in the structure [27] . To reduce the leakage losses between adjacent vias, P should be maintained low [27] . Furthermore, D affects the return loss. The sidewall vias create a magnetic wall near the boundary of the rectangular patch. Thus, all the electric field energy remains at the center of the SIW cavity, which can be utilized for sensing applications [20] . After considering the reductions in the leakage and radiation losses, the values of D and P are chosen as 0.9 mm and 1. 
Microwell Design.
The microwell is designed after considering the maximum frequency shift and fabrication limit, and it is designed to preserve the noncontact feature of the sensor. The SIW structure (without hole) and its electric field distribution (magnitude) are shown in Figures 2(a) and 2(b). Figure 2 (c) shows the electric field vector distributions. To maximize the electric field perturbation, the microwell must be loaded at the position of the strongest electric field in the structure. The maximum electric field magnitude (confirmed from the color code) resides at the center of the SIW cavity. Therefore, it is the best position to where the microwell be loaded. The vertical distribution of the electric field vector (Figure 2 (c)) suggests that a cylindrical/cup-shaped microcontainer loaded at the center of the SIW cavity would be the best option because it would allow the maximum electric field lines to pass through the liquid-filled microcontainer that makes the interaction with the electric field lines even more strong. A single orifice would be convenient to inject/ remove the biomaterial from the microwell. It also eliminates the need for a separate inlet and outlet and thus simplifies the design and fabrication of our proposed microwell. When the FB cells replace the phosphate-buffered saline (PBS) solution inside the microwell, the effective permittivity changes and the resonance frequency of the SIW cavity resonator switches. To achieve the best performance (maximum frequency shift), while consuming minimum biomaterial volumes, different diameters and thicknesses of the PDMS and microwell are investigated. When diameter d 2 is increased, capacitance (C eff ) is decreased and the resonance frequency is increased, as shown in Figure 3 (a). For a considerable frequency shift, we calculate the diameter (d 2 ) of the loaded PDMS to be 4 mm.
More fluid volumes cause more shift in the resonance frequency, as can be expected. A significant frequency shift is observed when the lower end of the microwell container coincides with the ground plane. However, this would either require attachment of an adhesive bonding film on the bottom of the microwell, which implies additional losses, or lose its noncontact feature in which case the liquid directly Journal of Sensors touches the bottom ground. To mitigate these issues, the shift in the resonance frequency is compromised a little and the lower end of the microwell is envisaged slightly above the ground plane. By doing this, the sensor remains noncontact and potentially safe. In Figure 3 (b), height of PDMS (h 2 ) is investigated in relation with h 1 (thickness of h 1 ), while keeping d 1 and d 2 as constant parameters. An optimum geometry (d 1 × h 1 ) of 1.8 mm × 1.2 mm is selected for the cupshaped microcontainer based on the simulation analysis performed using a high-frequency structural simulator ((HFSS) ANSYS Inc., Canonsburg, PA, USA). The thickness (h 2 ) of the loaded PDMS is found to be 1.5 mm after considering the already-mentioned parameters. The volume of the optimized microwell (V = π r 1 2 h 1 ) is 3 mm 3 , which is equivalent to containing 3 μL of fluid. All design parameters of our proposed biosensor are mentioned in Table 1 .
Sensitivity Analysis
The biosensor presented in Figure 1 provides a response in terms of a change in the resonance frequency. Liquids with different permittivity values are loaded in the microwell, the electric field is perturbed, and the resonance frequency is changed. The effective capacitance changes, which produces a considerable shift in the return loss and in the resonance frequency, depending on the relative change in the permittivity of the fluid. In order to assess the sensitivity, the resonance frequencies of the unloaded sensor (empty microwell) and the PBS-filled microwell (f air and f PBS ) are simulated. Note that PBS is a water-based salt solution that prevents cell damage by providing osmolarity of human body fluid and widely used in practical cell experiments. It is observed that a relative change in the resonance frequency (Δf res ) is linearly related to the corresponding relative change in the permittivity (Δε). The sensitivity S of our proposed biosensor is defined as
where ε air is the permittivity of free space and ε PBS is the permittivity of the PBS solution. PBS is a water-based salt solution, commonly used as a buffer to store biomaterials. The values of the real (ε ′ ) and imaginary parts (ε ″ ) of the complex permittivity of water at 13 GHz are 55.4 and 33.8, respectively [28] . Thus, the dielectric constant (ε r ) and loss tangent (tan δ = ε″/ε′) of the PBS solution at 13 GHz are simulated to be 55 and 0.6, respectively. The tissue and cells contain much water, and the tissue water is identical to normal water except for a negligible variation where proteins exist as reported in [29] while explaining the γ-dispersion effect. Because water constitutes a big portion of the FB cells, we fairly assume that the value of the real part of the complex permittivity of the FB cells approaches that of water in the 
Journal of Sensors
GHz regime (nearly 13 GHz). After considering these notions, the permittivity and loss tangent values of the FB cells are characterized as 53 and 0.6, respectively. Two research evidences [30, 31] ratify our assumption. Based on the above discussion, we expect the behavior of the FB cells (resonance frequency and return loss magnitude) to be close to that of the PBS solution if the measurements are conducted at the same operating frequency, using the same measurement setup. For full-wave simulation, the dielectric constant and loss tangent of PDMS are set as 2.8 and 0.05, respectively [32] . The resonance frequency with an empty microwell is 13.65 GHz. The resonance frequency switches to 13.48 and 13.46 GHz when the permittivity and loss tangent values of the FB cells and PBS solution are simulated, as shown in Figure 4 .
Fabrication
The proposed biosensor is realized through a three-step process ( Figure 5 ). In the first step, a rectangular patch is etched on top of a Rogers RT/Duroid 5870 substrate using conventional photolithography. A hole (with the same diameter as that of the PDMS size) is drilled in the patch and substrate, as a second step. The gold vias are inserted in the holes to physically connect the patch with the ground. An SMA connector (part number: PAF-S05 Series, 13.27 mm long, manufactured by GigaLane Co. Ltd.) [33] is connected with the microstrip line. The datasheet provided by the manufacturer asserts that the frequency range of this SMA is Dc-18 GHz. In the third step, the microwell engraved on the PDMS substrate is accurately aligned at the center of the SIW cavity. The PIPETMAN® Classic kit provided by Gilson Inc. (Middleton, WI, USA) was used for the micropipette. -171TM) ). The cells were taken from the lungs of a Caucasian male and were in the frozen form when received. Primary FBs (P1) were expanded up to passage 4 (P4) using cell culture media consisting of low-glucose Dulbecco's modified Eagle's media ((DMEM) Hyclone Laboratories Inc., Logan, UT, USA) containing 1% antibiotic-antimycotic solution (Hyclone Laboratories Inc.) supplemented with fetal bovine serum ((FBS) Hyclone Laboratories Inc., Logan, UT, USA) at 37°C and 5% CO 2 in a humidified incubator. The FBs were washed using PBS (Hyclone Laboratories Inc., Logan, UT, USA), and the medium was changed every third day. The P4 cells were harvested using Trypsin 0.25% (1x) solution (Hyclone), to be used in this study.
Spheroid Culture.
To form a spheroid, we used a hemispherical concave microwell array with a diameter of 600 μm [34] . The device surface should be further treated to prevent cell attachment. To prevent air bubbles from being trapped inside the hemispherical microwell, the PDMS substrate including the hemispherical surface was sterilized using 70% ethanol and washed in PBS. Since ethanol can easily flow into the hemispherical microwell (owing to the small contact angle), the bubbles can be easily removed using pipettes. Then, the hemispherical PDMS microarray was treated using 4% Pluronic F-127 solution (product number P2443; Sigma-Aldrich Corporation, St. Louis, MO, USA) for one day to make a nonadhesive surface (necessary for spheroid formation). Precultured FB cells were prepared in DMEM with a concentration of 1 × 106 cells/mL, and 2 mL of the cells was suspended in the PDMS substrate. All floating cells inside the DMEM settled to the bottom as well as the hemispherical microwell array within 5 min. The microwell can contain only 2000-3000 cells and the rest of the cells (outside the microwell) needed to be harvested. The contained cell number in a single microwell was calculated after one day. Spheroids were aspirated with a 10 μL pipette tip and counted using a hemocytometer. To remove the remaining cells, the receding meniscus mechanism was applied [35] . We slowly aspirated the medium to utilize the surface tension between the medium and air to scrape the cells on the substrate surface using a 1000 μL pipette. After harvesting the rest of the cells, a uniform number of cells remained in the microwell. The medium was then refilled with DMEM. Seeded FBs were incubated for three days to form spheroids. To remove such extra cells, the medium was carefully aspirated using a 1000 μL pipette. The medium was then refilled on the substrate, and within three days of culture, the cells formed a spheroid in each well. The concentration of the FB cells was around 800 cells/μL when detection was carried out using our proposed biosensor.
Cell Fixation.
To prevent cell contamination during the experiments, the cell spheroids were fixed. The spheroids formed were fixed in 4% formaldehyde solution for 24 h at 4°C. After fixation, the spheroids were gathered into conical tubes by pipetting using 100 μL pipettes. Fixed spheroids were not dissociated by pipetting because of the high gravity arising from the centrifugal process. To increase the spheroid Journal of Sensors detection efficiency, formaldehyde was replaced with PBS. The PBS solution is not only a cell-friendly material but also causes lesser frequency shifts compared to formaldehyde. The frequency shift by the spheroid was more pronounced when a lesser frequency shift was provided by the containing solution. Therefore, the spheroids were more detectable in our system using PBS.
Fabrication of PDMS Substrate.
The cup-shaped microcontainer substrate was made using PDMS (Dow Corning Inc., Midland, MI, USA). The most attractive feature of PDMS-based microfluidics in cell biology is that its size fits the dimensions of cell size [36] . To fabricate the 3D cupshaped microstructure, the first step was to fabricate a thin PDMS film. A 10 : 1 weight mixture of PDMS prepolymer and curing agent was poured in a petri dish, and the dish was spin coated at 200 rpm. The liquid PDMS was spreaded and a thin film 300 μm in height was created. Since the sensor is sensitive to the cell location, a thin bottom wall was required. Similarly, a sidewall substrate of 1 mm thickness was fabricated by spin coating at 50 rpm. After spin coating, the two substrates were solidified by baking at 80°C for 2 hours. The solidified sidewall substrate was punched using a 1.5 mm diameter punch and then bonded to the bottom substrate using plasma treatment (product number PDC −32G; Harrick Plasma, Ithaca, NY, USA). The bonded substrates were then punched again with a 2 mm diameter punch to make a cup-shaped microcontainer. The fabricated prototype of the biosensor is shown in Figure 5 (d).
Measurements
To demonstrate the performance of the fabricated prototype of the biosensor, the S-parameters were measured using the Anritsu MS2038C network analyzer (Anritsu Corporation, Richardson, TX, USA). After full 1-port calibration, S11 was measured for empty microwell-loaded SIW cavity. Then, S11 was recorded for PBS solution and microwell was cleaned to reset the reference frequency (unloaded case). Then, S11 was measured for fibroblast cells, and again, the microwell was cleaned for the next measurement. This sequence was repeated for all the measurements. However, large ripples were observed in the measured S-parameters. The biosensor prototype was completely fabricated in our laboratory, and we speculate that the fabrication inaccuracies contributed ripples in the measurements. For instance, issues might arise because of overetching and bad soldering. In addition, during fabrication, a 4 mm hole was drilled at the center of the structure to place cup-shaped PDMS. The bottom copper layer of the same size was undesirably peeled off by this drilling process because we cannot control vertical cutting inside a thin substrate by a copper layer margin. Although a patch of copper tape was attached from the bottom side to cover the hole, we cannot consider it an error-free replacement. Despite these inconsistencies, the simulation and measurement results were found to be in good agreement as shown in Figure 6 . The resonance frequency with an empty microwell was observed to be 13.65 GHz, as shown in Figure 6 (a). The resonance frequency switched 7 Journal of Sensors to 13.46 GHz and 13.48 GHz, respectively, when PBS solution and FB cells were injected in the microwell. The simulated and measured return losses of the PBS and FB cells are plotted in Figure 6(b) . The zoom-in view presented in Figure 6 (c) clearly shows a noticeable shift in the resonance frequency and an amplitude modification when PBS solution is replaced by FB cells. The return loss values (S11 on a linear scale) corresponding to these liquids (PBS and FBs) are 0.30 and 0.356, respectively, which amounts to 5.6% modification. The resonance frequency of the FBloaded microwell showed a shift of 170 MHz and 20 MHz relative to an empty and PBS-loaded microwell, respectively. All the measurements are conducted at an ambient temperature of 20°C which is accepted as one of the standards, that is, room temperature.
The S11 values (on linear scale) 0.356 and 0.3 with PBS and FB cells correspond to −8.97 dB and −10.45 dB, respectively. S11 contrast (1.48 dB) and frequency shift Δf = 20 MHz can be detected by the commercially available power detection system. For instance, the proposed sensor can be integrated with an Analog Devices CN0387 circuit evaluation board [37] as illustrated in Figure 7 . This board is marketed as the "calibration-free return loss measurement system". The difference of two resonance frequencies (peak values) − reference one and the loaded sensor can be measured by the built-in power detector (ADL6010) for the frequency range of 0.5 GHz to 43.5 GHz. HMC547LC3 is a single-pole double throw, nonreflective switch with an input frequency ranging from Dc to 28 GHz with a high-speed switching time of 6 ns. In each position, either of the reverse Journal of Sensors coupled port or forward coupled port is connected to the power detector (indicated by a solid line) and the other port is 50 Ω terminated. It is reported that a 12-bit analog/digital converter (ADC) is capable to detect a 1 dB change in the input power. In addition, although the input is at the bottom end of the detector's input range, high-resolution ADC still can resolve it. Equation (1) is based on the cavity perturbation model and delicately explains the change in the frequency shift of SIW cavity when liquids of different dielectric constants are injected in the centrally loaded PDMS. Thus, a variation in the effective dielectric constant can switch the resonance frequency [24] .
It is shown that as concentrations of FB cells increases, a decrease in relative permittivity of mixture (FB cells and PBS solution) is observed which causes the increase in the resonance frequency (see Figure 8 ). Despite fluctuations of S11 curves, the response (frequency shift) of our proposed biosensor is a good indicator of FB cell concentrations.
The sensor's repeatability is verified by conducting more than 10 measurements with the same fabricated prototype samples, using the same measurement setup. The measurements of two different media (PBS and FBs) are demonstrated, but for clarity purposes, only three different concentrations are considered to validate the reproducibility. In Figure 9 (a), standard deviation of each resonance The resonance frequency and concentration of FB cells with a linear curve fitting of y = 2.24 × 10 −5 x + 13.4607 in GHz are shown in Figure 9 (b). The measurement data follows a linear trend, even though only three sets of measurement data are provided. The limit of detection (LOD) is defined as the lowest quantity/concentration of analyte that can be reliably detected. Reliable detection here means the response should be significantly different from that of a blank/reference. To calculate the limit of detection (analytically), the following well-known formula is utilized [38] .
The standard deviation (SD) of the reference medium from Figure 9 The performance (frequency shift and miniaturization) of our proposed biosensor is compared with those of the state-of-the-art RF bio/chemical sensors, as shown in Table 2 . For comparison, selected RF sensors are chosen which resonate above 5 GHz. The SIW technology has been used to characterize chemicals. For instance, [20] , [36] , and [39] are SIW-based chemical sensors to detect single and/or multiple chemicals with frequency shifts of 4.4 MHz, 130 MHz, and 110 MHz, respectively. Aside from the excellent performance offered by SIW-based designs, small footprints are a significant advantage. Recently, metamaterial elements (SRR, DSRR, and CSRR) have also been utilized to realize chemicals and biosensors. SRR- [34, 35] and DSRR- [33] based biosensor showed frequency shifts in the range of 20 MHz to 60 MHz. These designs offer size reduction. An electromagnetic-based resonator along with coating of a selective material has also been proposed [40] . This hybrid RF sensor was proposed to detect ethanol and it showed a 100 MHz shift. The performance of our proposed biosensor (in terms of frequency shift) is comparable/higher to these RF sensors. Metamaterial-based RF sensors are miniaturized; however, in that case, our proposed biosensor shows a higher frequency shift.
MEMS is an advanced fabrication technique which offers massive miniaturization. Our proposed biosensor is also compared with RF MEMS bio/chemical sensors as given in Table 3 . These sensors showed frequency shifts in the range of 10-40 MHz [41] [42] [43] [44] . Another MEMS-based RF biosensor is developed to detect glucose levels in human serum, and it showed a frequency shift of 160 MHz [13] . The physical sizes of these MEMS-based RF biosensors are extremely small (generally 1-2 mm by one side). However, a complex manufacturing process as compared to photolithography and bulky and expensive equipment involved in MEMS can be considered as its drawbacks. Our proposed biosensor is more sensitive to all these RF MEMS biosensors, although they exhibit an outstanding miniaturization.
Conclusions
The development of a miniaturized RF biosensor is an essential step towards future trends: self-diagnosis and point-of- 
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Journal of Sensors care testing (POCT). The elimination of cumbersome lab testing can save time and investment. For instance, a POCT biosensor can be used for testing human immunodeficiency virus-(HIV-) infected cells of human beings in remote areas. To consider these perspectives, a novel microfluidic biosensor is proposed using a microwave rectangular SIW cavity resonator. The novelty of our proposed biosensor is that the first-time fibroblast cells are being detected using a SIW cavity-based RF biosensor. Our proposed biosensor can be utilized to detect and discriminate biological cells and can provide real-time, accurate, and very fast response. A microwell, which served as a microfluidic container, was integrated on the most sensitive area of the SIW cavity resonator. When fluid was filled in the microwell, the resonance frequency of the cavity resonator shifted because of the variation in effective permittivity. Our proposed device is manufactured using the standard photolithography technique offering very low costs. Its reusability, noncontact nature, and miniaturization are amongst the most attractive features. Its performance was validated through full-wave simulations and S-parameter measurements, and the results showed distinguishable frequency responses when the PBS solution (reference medium) was replaced by FB cells (target biomaterial). With a reasonable analytically measured limit of detection (213 cells/μL), it is robust and potentially safe and requires extremely small volumes of liquids (only 3 μL) without any further preparation of biomaterial for testing/analysis.
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